INTRODUCTION
============

Cytokinesis segregates chromosomes, cytoplasm, and organelles into the two daughter cells during the cell-division cycle. The underlying mechanisms and most players for cytokinesis are conserved from yeast to humans ([@B5]; [@B37]; [@B57]). Cytokinesis requires six coordinated events: division-site selection, actomyosin contractile-ring assembly, ring constriction and the associated disassembly, plasma membrane deposition, septum formation or extracellular matrix remodeling, and daughter-cell separation or midbody abscission ([@B5]; [@B7]; [@B79]). The later stages of cytokinesis are poorly understood.

Proper septum formation and cell separation are critical to maintain cell integrity and viability during fungal cytokinesis due to their high cellular turgor pressure ([@B61]; [@B59]; [@B79]; [@B8]). The septum is a trilaminar structure with the primary septum, which is digested away during daughter-cell separation, sandwiched by the secondary septa. Three conserved glucan synthases are known to be essential for proper septum formation in the fission yeast *Schizosaccharomyces pombe*. β-Glucan synthase, Bgs1/Cps1, is responsible for primary septum synthesis ([@B43]; [@B19], [@B20]). β-Glucan synthase, Bgs4/Cwg1/Orb11, is essential for cell integrity and secondary septum formation ([@B18]; [@B52]). α-Glucan synthase, Ags1/Mok1, is mainly involved in secondary septum formation ([@B73]; [@B21]). These conserved synthases are also essential for cell wall and septum formation in fungal pathogens and therefore are ideal targets for antifungal drugs ([@B82]; [@B32]; [@B56]; [@B35]).

Rho GTPases are important regulators in all stages of cytokinesis ([@B63]; [@B33]; [@B55]; [@B16]). They are known as "molecular switches" due to their ability to switch between the active, GTP-bound and the inactive, GDP-bound forms ([@B15]; [@B10]). The activity of Rho GTPases is strictly regulated by Rho guanine nucleotide exchange factors (GEFs) and Rho GTPase-activating proteins (GAPs; [@B15]; [@B87]; [@B10]). Rho-GAPs hydrolyze GTP to GDP to inactivate Rho GTPases ([@B70]; [@B15]). However, cells have more Rho-GAPs than Rho GTPases ([@B70]; [@B15]; [@B64]). For most Rho GTPases, several Rho-GAPs are involved in their regulation ([@B65]; [@B49]; [@B67]; [@B10]). Therefore it is crucial to tightly regulate Rho-GAP activities to specific sites in cells.

*S. pombe* has nine known or putative Rho GAPs ([@B83]; [@B72]; [@B1], [@B2]; [@B45]). Most Rho GAPs (Rga1, Rga2, Rga5, Rga7, and Rga8) localize to the cell tips during interphase and the division site during cell division ([@B53]; [@B11]; [@B83]; [@B72]; [@B45]; [@B2]). The exceptions are Rga4, which localizes to the cell sides during interphase and the division site during cytokinesis, and Rga6, which localizes throughout the plasma membrane ([@B46]; [@B69]; [@B72]; [@B67]). Rga1 functions as a GAP for Rho1 and is involved in actin-patch localization, cell morphogenesis, septation, and cell wall synthesis ([@B53]). Rga2 is a GAP for Rho2 and regulates cell morphology and cell wall integrity ([@B72]). Rga2 localization depends on polarity markers and actin polymerization ([@B72]). Rga4 is a GAP for both Cdc42 and Rho2 and has roles in the control of cell diameter and symmetry and cell integrity pathway ([@B22]; [@B67]). The DYRK protein kinase Pom1 regulates the localization and phosphorylation of Rga4 ([@B69]; [@B67]). Rga5 is a GAP for Rho1 and regulates cell integrity ([@B11]). Rga6 is a less-studied GAP for Rho2 ([@B72]; [@B67]). Rga8 is a GAP for Rho1 and a downstream target of p21-activated kinase Shk1 ([@B83]). Rga3 and Rga9 have not been studied. Rga7 is a Rho2 GAP ([@B45]; [@B2]). It cooperates with Fes/CIP4 homology-Bin/amphiphysin/Rvs (F-BAR) proteins Cdc15 and Imp2 in actomyosin ring stability, proper ring disassembly, and successful septum formation and separation to ensure cell integrity ([@B45]). Rga7 GAP activity is important for regulating α-glucan synthase Ags1 through the Rho2 pathway in controlling cell wall and septum formation ([@B13]; [@B67]), although a recent study suggests that the GAP activity is dispensable for Rga7 function in cytokinesis ([@B45]). Rga7 also participates in β-glucan synthase Bgs4 trafficking from the Golgi to the plasma membrane ([@B2]). Despite the functional studies on these Rho GAPs, knowledge of the regulation of their localizations and functions is limited.

In this study, we show how the Rho-GAP Rga7 localizes to the division site to aid septum formation in fission yeast. We identify a novel coiled-coil protein, Rng10, which physically interacts with Rga7 and is required for Rga7 localization. Rng10 and Rga7 collaborate to regulate the localization and dynamics of glucan synthases for successful septum formation during cytokinesis.

RESULTS
=======

Rng10 is a novel protein important for cell integrity during cell division
--------------------------------------------------------------------------

A novel protein, SPAC688.07c, was found to localize to cell tips and the site of cell division in a global protein localization analysis in *S. pombe* ([@B46]). It is a 114-kDa protein with unknown functions and will be referred to as Rng10 in this study because of its localization. To investigate its role in *S. pombe*, we deleted *rng10* in a haploid strain, since it is not an essential gene ([@B30]). The major phenotype of *rng10*Δ was cell lysis ([Figure 1A](#F1){ref-type="fig"}). Significantly more *rng10*Δ cells lysed (16% at 25°C, 50% at 36°C) than wild type (wt; 0.15% at 25°C, 1.0% at 36°C; [Figure 1, A and B](#F1){ref-type="fig"}). Time-lapse movies showed that either one or both daughter cells lysed during cell separation in ∼25% of *rng10*Δ cells (*n* = 74 cells) at 25°C ([Figure 1C](#F1){ref-type="fig"} and Supplemental Video S1). *rng10*Δ cells were slightly longer than wt cells at cell division ([Figure 1D](#F1){ref-type="fig"}). Approximately 1% of *rng10*Δ cells (*n* = 1056) partially lost polarity and became rounder. We also examined polarized growth in wt and *rng10*Δ cells using Calcofluor, which stains cell wall but not birth scars, marking the beginning position in the new end ([Figure 1E](#F1){ref-type="fig"}; [@B9]). The growing end has a decent arc stained beyond the birth scar, whereas the nongrowing end has a birth scar very close to the cell tip ([Figure 1E](#F1){ref-type="fig"}, left; [@B9]). Quantification of growth patterns showed higher percentages of cells with monopolar growth in *rng10*Δ cells either with or without septa than in wt cells ([Figure 1E](#F1){ref-type="fig"}, right). Thus Rng10 is crucial for cell integrity during cell division and plays a minor role in cell growth and cell size control.

![The novel protein Rng10 is important for cell integrity. (A, B) *rng10*Δ leads to cell lysis. (A) DIC images of cells grown at 36°C for 4 h. Arrows mark examples of lysed cells, which are evident by the shrunken cytoplasm. (B) Quantification of cell lysis in wt and *rng10*Δ cells at 25°C and 4 h at 36°C. Data are mean ± 1 SD in this and other figures except where noted. The number *n* is the total from three experiments. \**p* \< 0.0001 compared with wt in *t* test. (C) Time-lapse images of cell-lysis scenarios (left) and percentage (right) during cell separation at 25°C. No (top), one (middle), or both (bottom) daughter cells lysed. (D) Quantification of cell length of wt and *rng10*Δ cells with forming or complete septa at 25°C. \**p* \< 0.01 compared with wt. (E) Micrographs (left) and quantifications (right) of polarized growth in wt and *rng10*Δ cells stained with Calcofluor. Arrows mark growing ends, and arrowheads mark nongrowing ends that lack Calcofluor staining. (F) Septation index of wt and *rng10*Δ cells at 25°C or 4 h at 36°C. Bars, 5 μm.](2528fig1){#F1}

To determine the causes of cell lysis in *rng10*Δ cells and roles of Rng10, we first examined the actomyosin contractile ring, which is essential for cytokinesis ([@B37]; [@B38]). Using myosin-II regulatory light chain (Rlc1) tagged with tandem dimer Tomato (tdTomato) as a contractile‑ring marker, we found that *rng10*Δ did not affect ring assembly or constriction at 25°C (Supplemental Figure S1, A, B, and D). The time from the end of ring constriction to cell separation also appeared normal (Supplemental Figure S1D). However, the timings of these events were significantly affected at 36°C (Supplemental Figure S1E). The septation index of *rng10*Δ cells was slightly higher than that of wild type at both 25 and 36°C ([Figure 1F](#F1){ref-type="fig"}). Next we tested whether cell lysis was due to defects in plasma membrane closure during cytokinesis, using fluorescence loss in photobleaching (FLIP). The exchange of diffusible green fluorescent protein (GFP) between the bleached and unbleached daughter cells stopped at the same time after ring constriction in *rng10*Δ and wt cells (Supplemental Figure S2, A, B, and D). Thus Rng10 plays a role in the contractile ring at high temperature but has no obvious (or redundant) role in contractile-ring or plasma membrane closure at 25°C during cytokinesis. Because cell lysis also occurs at 25°C, contractile-ring defects may not be the main reason for lysis in *rng10*Δ cells.

Rng10 localizes to the division site and the cell tips
------------------------------------------------------

To further investigate Rng10 function during cytokinesis, we tagged *rng10* at its native chromosomal locus with monomeric enhanced GFP (mEGFP) and other fluorescent tags to examine Rng10 localization throughout cell cycle ([Figure 2](#F2){ref-type="fig"}). We found that Rng10 localized to cell tips (cells 1 and 2) during interphase and early mitosis and was concentrated at the division site (cells 3--5) during cell division ([Figure 2A](#F2){ref-type="fig"}). After Rlc1 nodes condensed into a compact ring, Rng10 first appeared near the ring as puncta and then became a ring ([Figure 2, A](#F2){ref-type="fig"}, cell 3, and [C](#F2){ref-type="fig"}). Using the spindle pole body (SPB) protein Sad1 as a cell-cycle marker, we found that Rng10 arrived at the division site 17.0 ± 1.9 min (*n* = 27 cells) after SPB separation ([Figure 2C](#F2){ref-type="fig"}, top, and Supplemental Video S2). Rng10 constricted with the contractile ring but also spread across the division site to form a disk, with a higher concentration at the leading edge of the cleavage furrow ([Figure 2, A](#F2){ref-type="fig"}, cells 4 and 5, and [B](#F2){ref-type="fig"}). After cell separation, Rng10 stayed at the new cell tip and then concentrated at both cell tips ([Figure 2C](#F2){ref-type="fig"}, bottom, and Supplemental Video S2).

![Localization of Rng10 to the cells tips and the division site. (A) Rng10-mEGFP (green) localization in the cells with Rlc1-tdTomato (red)--labeled contractile ring at different stages. (B) Side (top) and vertical (bottom) views of Rng10 at the division plane in cells with constricting Rlc1 ring. (C) Time course (in minutes) of Rng10 localization with SPB protein Sad1 as a cell-cycle marker. SPB separation is defined as time 0. The broken lines mark the cell boundary in B and C. (D) Confocal and PALM images of Spn1, Rlc1, and Rng10 localization at the division site in cells tagged with mEGFP (confocal) or mEos3.2 and mMaple3 (PALM). Bars, 5 μm.](2528fig2){#F2}

Because Rng10 only partially colocalizes with the contractile ring ([Figure 2, A and B](#F2){ref-type="fig"}) and its localization is also distinct from the septin double rings on the confocal microscope ([Figure 2D](#F2){ref-type="fig"}), we used superresolution photoactivated localization microscopy (PALM) to further examine its localization. Surprisingly, Rng10 formed a double-layer invagination that supposedly extended into two disks at the division site ([Figure 2D](#F2){ref-type="fig"}). Rng10 was outside of the contractile ring (Rlc1) but inside of the septin rings (Spn1) along the cell long axis. This localization pattern suggests that Rng10 likely localizes to the plasma membrane at the division plane.

To test whether Rng10 localization depends on F-actin, microtubules, or vesicle trafficking, we treated cells with different drugs, including latrunculin A, CK-666, methyl benzimidazole-2-yl carbamate (MBC), and brefeldin A (BFA; Supplemental Figure S2, E and F). Rng10 tagged with a monomeric enhanced citrine (mECitrine, a yellow fluorescent protein variant; [@B29]; [@B40]) still localized to the division site under these treatments. Together these data show that Rng10 localizes to the cell tips and the division site, and its localization or maintenance at the plasma membrane at the division site does not require F-actin, microtubules, or vesicle trafficking.

Rng10 localization depends on both its N- and C-termini
-------------------------------------------------------

To determine the region of Rng10 required for its localization, we conducted a domain analysis of Rng10. Besides a short coiled-coil domain at the N-terminus, Rng10 contained no other recognizable domains ([Figure 3, A and B](#F3){ref-type="fig"}). We constructed Rng10 N- and C-terminal truncations ([Figure 3A](#F3){ref-type="fig"}) with either mECitrine or mEGFP tag under *rng10* promoter based on the predicted domain boundary ([@B25]) and compared their localization and intensity to those of full-length (FL) Rng10 ([Figure 3C](#F3){ref-type="fig"}). Both the N- and C-terminal truncations still localized to the division site ([Figure 3C](#F3){ref-type="fig"}). We measured absolute protein numbers using quantitative fluorescence microscopy with known proteins as standards (Supplemental Figure S3 and [Table 1](#T1){ref-type="table"}). The molecule numbers of Rng10 truncations at the division site were significantly reduced compared with FL Rng10 in cells with a septum ([Figure 3, C and E](#F3){ref-type="fig"}), although the global protein levels were mostly comparable or higher ([Figure 3D](#F3){ref-type="fig"}, Supplemental Figure S3, and [Table 1](#T1){ref-type="table"}). Rng10(201-750) with both N- and C-termini truncated did not localize to the division site ([Figure 3C](#F3){ref-type="fig"}). Thus both N (1-200) and C (751-1038) terminal regions of Rng10 are important for its localization. Of interest, cells with Rng10 C-terminal truncations resembled *rng10*Δ and lysed more frequently than N-terminal truncations ([Figure 3F](#F3){ref-type="fig"}), suggesting that the C-terminus of Rng10 is more important for its function.

![Domain analyses for Rng10. (A) Schematics of Rng10 and its truncations constructed. (B) Probability of coiled-coil formation for Rng10 calculated using the program from [@B44] with a window size of 28. (C) Localization of FL and truncated Rng10. DIC images show cell morphology and lysis. Global (D) and division-site (E) molecule numbers of FL and truncated Rng10. \**p* \< 0.05, \*\**p* \< 0.01, and \*\*\**p* \< 0.001 compared with the FL protein. (E) Cells are grouped into four stages: ring (before constriction), ring constriction early (Rng10 occupies \<50% of the division plane in the middle focal plane) and late (\>50%), and disk (Rng10 fills the whole division site). For most stages, *n* = 4--31 cells, except for Rng10(1-450) in ring and early ring constriction stages with *n* = 2. The total cells analyzed for each constructs are listed on the top. (F) Quantification of cell lysis in *rng10* mutants. Bars, 5 μm.](2528fig3){#F3}

###### 

Global protein levels for Rng10 and its truncations along with known proteins for the standard curve measured by quantitative fluorescence microscopy.

  Protein           Number of cells analyzed   Intensity (mean ± SD)   Molecules per cell (mean ± SD)   Global concentration (μM)^a^
  ----------------- -------------------------- ----------------------- -------------------------------- ------------------------------
  Rng10             58                         1230 ± 300              6180 ± 1520                      0.38 ± 0.09
                    62                         2600 ± 300^b^                                            
  Rng10(1-200)      60                         1780 ± 270              11,940 ± 1780                    0.74 ± 0.11
  Rng10(1-450)      60                         1340 ± 230              7280 ± 1240                      0.45 ± 0.08
  Rng10(1-750)      58                         1210 ± 210              5960 ± 1020                      0.37 ± 0.06
  Rng10(201-1038)   51                         2285 ± 240^b^           4620 ± 480                       0.29 ± 0.03
  Rng10(451-1038)   65                         2470 ± 220^b^           5570 ± 490                       0.35 ± 0.03
  Rng10(751-1038)   63                         2290 ± 260^b^           4650 ± 530                       0.29 ± 0.03
  Rng10(201-750)    82                         3191 ± 360^b^           9150 ± 1030                      0.57 ± 0.06
  Myo2              64                         1060 ± 500              7300 ± 3450^c^                   0.45 ± 0.21
  Rlc1              64                         1720 ± 230              9600 ± 1280^c^                   0.60 ± 0.08
  Spn1              61                         1760 ± 280              10,300 ± 1620^c^                 0.63 ± 0.10
  Cdc15             64                         4010 ± 600              35,600 ± 5370^c^                 2.13 ± 0.33

^a^The global concentration was calculated with a mean cytoplasm volume of 27 μm^3^, which was derived from a mean cell volume of 92 μm^3^ and the cytoplasm occupying ∼29% of the cell volume ([@B80]).

^b^Intensity for proteins tagged with mECitrine. Other intensities are from the mEGFP tag.

^c^The mean numbers are from published data ([@B80]).

Rng10 physically interacts with the Rho-GAP Rga7 and is crucial for its localization
------------------------------------------------------------------------------------

To elucidate the role of Rng10 in cytokinesis and why *rng10*Δ cells lyse during cell division, we searched for its binding partner. Affinity purification of Rng10-S~tag~ from *S. pombe* extract and mass spectrometry identified Rga7, a Rho GAP with an F-BAR domain, as a potential Rng10-interacting protein ([Figure 4A](#F4){ref-type="fig"}). Coimmunoprecipitation (coIP) of Rng10-13Myc by Rga7-mECitrine confirmed the interaction between Rng10 and Rga7 ([Figure 4B](#F4){ref-type="fig"}). In addition, Rng10 and Rga7 perfectly colocalized at the cell tips and division site and displayed short-range diffusion motions together ([Figure 4C](#F4){ref-type="fig"} and Supplemental Video S3). Furthermore, fluorescence recovery after photobleaching (FRAP) analyses using mECitrine-tagged strains revealed that Rng10 and Rga7 had similar dynamics at the division site and the cell tips ([Figure 4D](#F4){ref-type="fig"} and Supplemental Figure S4A). The half-times for recovery at the division site were also similar for mEGFP-tagged Rng10 (13 ± 10 s, *n* = 22 cells) and Rga7 (15 ± 9 s, *n* = 18 cells). Similar to *rng10*Δ cells, *rga7*Δ cells also had significantly higher percentages of cell lysis (9% at 25°C, 46% at 36°C) than did wt ([Figure 4E](#F4){ref-type="fig"}). Together these results suggest that Rng10 and Rga7 function together during cell division.

![Rng10 physically interacts with the Rho-GAP Rga7 and is important for Rga7 localization. (A) Silver staining showing *S. pombe* proteins pulled down by S~tag~ and Rng10-S~tag~. Red lines mark Rng10 and Rga7 bands. (B) Rng10 and Rga7 coimmunoprecipitate from cell extracts. Asterisks mark Rga7 (red) and Rng10 (blue). (C) Deconvoluted images showing colocalization of Rng10 and Rga7. Right, magnified regions at the division site (1) and the cell tip (2). (D) FRAP analyses of Rng10-mECitrine and Rga7-mECitrine at the division site (left) and the cell tip (right). Cells were bleached at time 0. Mean ± 1 SEM. (E) Quantification of cell lysis in wt and *rga7*Δ cells at 25°C and 4 h at 36°C. \**p* \< 0.05 compared with wt. (F, G) Localization (left) and protein level (right) of Rng10 (F) and Rga7 (G). Arrows in G mark the Rga7 dot remaining at the division site. \**p* \< 0.0001 compared with wt. (H) Western blotting showing Rga7 protein levels in cells extracts from wt (+) and *rng10*Δ (--) cells. Tubulin was used as a loading control. (I) Rng10 mislocalizes Rga7 to SPBs (boxes) using Cdc7-GBP. Bars, 5 μm.](2528fig4){#F4}

To further test the functional interactions between Rga7 and Rng10, we first examined their localization interdependence. *rga7*Δ resulted in an ∼40% decrease in Rng10 level at the division site ([Figure 4F](#F4){ref-type="fig"}). Surprisingly, Rga7 localization was severely affected by *rng10*Δ ([Figure 4G](#F4){ref-type="fig"}). Rga7 localization at the cell tips was abolished, and Rga7 no longer localized to the division site as a complete ring or disk in *rng10*Δ cells. Instead, a dot formed in the center of the division plane in ∼10% (*n* = 200) of cells. Although Rga7 global level was not affected by *rng10*Δ, the division-site level was only 11 ± 4% of the *rng10^+^* cells ([Figure 4, G and H](#F4){ref-type="fig"}). Because Rga7 is a GAP for Rho2 GTPase ([@B72]; [@B67]), we examined whether Rho2 plays a role in Rga7 localization. Rga7 localization was normal in *rho2*Δ (Supplemental Figure S4B). In *rho2*Δ *rng10*Δ cells, the Rga7 dot at the center of the division site was still observed (Supplemental Figure S4B). This indicated that Rga7 localization did not depend on Rho2.

To test whether Rng10 specifically affects Rga7 localization, we observed the localizations of Rho-GAPs Rga2 and Rga8 in wt and *rng10*Δ cells. Rga2 has a similar localization pattern as Rga7 and is also a Rho2 GAP ([@B72]). Rga8 has an F-BAR domain ([@B83]), and *rga8*Δ was synthetic lethal with *rng10*Δ ([Table 2](#T2){ref-type="table"}). However, Rga2 and Rga8 localizations were not dramatically affected in *rng10*Δ (Supplemental Figure S4, C and D). These data suggest that the regulation on Rga7 localization by Rng10 may be specific.

###### 

Genetic interactions of *rng10*Δ and *rga7*Δ with other cytokinesis mutations.

  Parent 1^a^   Parent 2^b^   Percentage viable double mutants at 25°C   Total number of tetrads   Genetic interaction at 25°C^c^
  ------------- ------------- ------------------------------------------ ------------------------- --------------------------------
  *rga7*Δ       *rng10*Δ      0                                          46                        \-
  *rho1-596*    *rng10*Δ      0                                          86                        \-
  *rho1-596*    *rga7*Δ       0                                          9                         \-
  *rga8*Δ       *rng10*Δ      0                                          17                        \-
  *rga8*Δ       *rga7*Δ       0                                          46                        \-
  *imp2*        *rng10*Δ      0                                          13                        \-
  *art1∆*       *rng10*Δ      0                                          32                        \-
  *art1Δ*       *rga7*Δ       11                                         22                        ++
  *myo2-E1*     *rng10*Δ      33                                         12                        \+^d^
  *myo2-E1*     *rga7*Δ       0                                          9                         \-
  *pxl1*Δ       *rng10*Δ      80                                         19                        ++
  *pxl1*Δ       *rga7*Δ       0                                          14                        \-
  *bgs1-191*    *rng10*Δ      100                                        15                        \+
  *spn1-*Δ*2*   *rng10*Δ      86                                         16                        \+
  *cdc7-24*     *rng10*Δ      86                                         19                        ++
  *cdc7-24*     *rga7*Δ       100^e^                                     17                        \+
  *myp2-*Δ*2*   *rng10*Δ      100                                        13                        +++
  *myp2-*Δ*2*   *rga7*Δ       64                                         16                        ++^d^
  *rho2*Δ       *rng10*Δ      95                                         20                        +++
  *rho2*Δ       *rga7*Δ       57                                         12                        +++
  *exo70∆*      *rng10*Δ      100                                        14                        +++^f^
  *exo70∆*      *rga7*Δ       85                                         25                        +++
  *mid1-6*      *rng10*Δ      75                                         8                         +++
  *mid1-6*      *rga7*Δ       100                                        9                         +++

^a^Single-parent mutants were 70--100% viable in the crosses on YE5S plates at 25°C.

^b^Single-parent mutants were 60--90% viable in the crosses on YE5S plates at 25°C. The majority of nonviable cells are due to failed spore germination.

^c^Cells were freshly grown on YE5S and YE5S plus Phloxin B (PB, which accumulates in dead cells) plates before checking the morphology under DIC. The severity of cytokinesis defects compared with the parents was classified as follows: -, synthetic lethal interaction; +, strong synthetic interaction and prominent cytokinesis defects; ++, mild synthetic interaction and moderate cytokinesis defects; or +++, no additive cytokinesis defects.

^d^The interaction was more obvious at 32°C.

^e^The double mutants were scored from nonparental ditype tetrads.

^f^Cell-lysis phenotype was slightly rescued.

To test whether Rng10 is sufficient for Rga7 localization, we used GFP-binding protein (GBP) to mislocalize Rng10 ([Figure 4I](#F4){ref-type="fig"}). We confirmed that GBP bound to GFP but not tdTomato (Supplemental Figure S4E; [@B62]). Mislocalized Rng10-mEGFP by GBP-tagged Cdc7, a kinase in the SIN pathway ([@B27]; [@B48]), successfully recruited Rga7-tdTomato to SPBs ([Figure 4I](#F4){ref-type="fig"}) in 98% of cells with Rng10 at SPBs (*n* = 54 cells). Thus Rng10 is sufficient to recruit Rga7.

Collectively these data suggest that Rng10 works together with Rga7 as a protein complex and is important for Rga7 localization. However, *rng10*Δ *rga7*Δ double mutant was synthetically lethal and died from cell lysis (Supplemental Figure S4F and [Table 2](#T2){ref-type="table"}), indicating that Rng10 and Rga7 also have independent functions. Indeed, genetic interactions of *rng10*Δ and *rga7*Δ with other cytokinesis mutations shared many similarities and some differences ([Table 2](#T2){ref-type="table"}). For example, both were synthetic lethal with *rho1-596, rga8*Δ, and *imp2*Δ ([@B45]), and synthetic sick with *cdc7-24* ([Table 2](#T2){ref-type="table"}). *rng10*Δ and *rga7*Δ had no genetic interaction with *rho2*Δ, *exo70∆*, or *mid1-6* ([Table 2](#T2){ref-type="table"}). However, *rng10*Δ and *rga7*Δ had different genetic interactions with *art1*Δ, *myo2-E1, pxl1*Δ, and *myp2-*Δ*2* ([Table 2](#T2){ref-type="table"}). In addition, although *rga7*Δ cells resembled *rng10*Δ cells in contractile-ring assembly, cell separation, and plasma membrane closure, ring constriction was significantly slower in *rga7*Δ cells at 25°C (Supplemental Figures S1 and S2, A--D). Taking the results together, we find that Rng10 interacts with Rga7 in vivo and dictates its localization, although each protein also has some distinct functions during cytokinesis.

Rng10 and Rga7 regulate the localization and dynamics of glucan synthases during septum formation
-------------------------------------------------------------------------------------------------

Our data showed that Rng10 is important for Rga7 localization at the division site. We next asked what roles Rng10 and Rga7 play during septum formation. Rga7 is a GAP for Rho2 GTPase, which regulates α-glucan synthase, Ags1, a transmembrane protein essential for septum formation ([@B12]; [@B72]). Thus we first examined Ags1 localization and dynamics at the division site in *rga7*Δ and *rng10*Δ cells. Ags1 still localized to the division site in the mutants ([Figure 5A](#F5){ref-type="fig"}). Although the global protein levels were not affected, Ags1 levels at the division site measured by fluorescence intensity were significantly reduced in *rga7*Δ and *rng10*Δ cells ([Figure 5B](#F5){ref-type="fig"}). FRAP analysis showed that Ags1 was more dynamic at the division site, with shorter recovery half-times in *rga7*Δ and *rng10*Δ cells ([Figure 5C](#F5){ref-type="fig"}). Thus Rng10 and Rga7 are important for Ags1 accumulation and dynamics at the division site.

![*rng10*Δ and *rga7*Δ affect accumulation and dynamics of glucan synthases at the division site. Localization (A, D, G), protein levels (B, E, H), and dynamics (C, F, I) of Ags1 (A--C), Bgs1 (D--F), and Bgs4 (G--I) in wt, *rga7*Δ, and *rng10*Δ cells at 25°C. Arrows in D and G mark the bulges at the center of septa. (B, E, H) Global and division-site protein levels. \**p* \< 0.05 and \*\**p* \< 0.0001 compared with wt. (C, F, I) FRAP analyses of glucan synthases at the division site. Half of the division site was bleached at time 0. Mean ± 1 SEM. Bars, 5 μm.](2528fig5){#F5}

Both *rga7*Δ and *rng10*Δ are synthetically lethal or sick with mutations in GTPase *rho1* and arrestin *art1* ([Table 2](#T2){ref-type="table"}), which regulate septum formation through β-glucan synthases ([@B3]; [@B71]; [@B23]). We examined whether *rga7*Δ and *rng10*Δ affect the β-glucan synthases Bgs1 and Bgs4, which are also essential for septum formation ([@B43]; [@B18], [@B20]; [@B52]). Bgs1 still localized to the division site in *rga7*Δ and *rng10*Δ ([Figure 5D](#F5){ref-type="fig"}). However, Bgs1 frequently appeared as a bulge (indicated with the arrows; 48% *rga7*Δ cells, *n* = 142; 35% *rng10*Δ cells, *n* = 188) in the center of the division plane in cells with completed or nearly completed primary septa ([Figure 5D](#F5){ref-type="fig"}). Bgs1 global and division-site levels increased significantly ([Figure 5E](#F5){ref-type="fig"}). Bgs1 was also more dynamic at the division site in *rga7*Δ and *rng10*Δ cells, as shown by FRAP analyses ([Figure 5F](#F5){ref-type="fig"}). Because Bgs1 catalytic activity is regulated mostly by Rho1 GTPase ([@B3]; [@B47]), we examined whether overexpressing Rho1 could rescue the cell lysis phenotype in *rga7*Δ and *rng10*Δ cells. Cells transformed with high-copy Rho1 plasmids under the Rho1 promoter had a significant reduction in cell lysis (Supplemental Figure S5A). These data suggest that in *rga7*Δ and *rng10*Δ cells, Bgs1 and Rho1 may be up-regulated through the cell-wall integrity pathway to attenuate cell lysis ([@B81]).

Rga7 is involved in trafficking of β-glucan synthase, Bgs4, from late Golgi compartments to the plasma membrane ([@B2]). We predicted that the Bgs4 level at the division site is affected in *rng10*Δ cells. Indeed, although Bgs4 global levels were not significantly different in wt, *rga7*Δ, and *rng10*Δ cells, its intensities at the division site were significantly lower in the mutants ([Figure 5, G and H](#F5){ref-type="fig"}). In 15% of *rga7*Δ (*n* = 54) but not in *rng10*Δ cells with completed or nearly completed primary septa, Bgs4 appeared as a bulge in the center of the septum (arrow). Moreover, Bgs4 was more dynamic, with a faster signal recovery, in *rga7*Δ and *rng10*Δ cells in FRAP assays ([Figure 5I](#F5){ref-type="fig"}).

Taken together, our data imply that Rng10 and Rga7 may contribute to septum formation by regulating the localization and dynamics of glucan synthases at the division site.

*rga7*Δ and *rng10*Δ cause defects in septum formation
------------------------------------------------------

We used electron microscopy (EM) to observe whether the septum is defective in *rga7*Δ and *rng10*Δ cells. Compared to the smooth and linear septum with uniform thickness in wt (*n* = 16 of 17 cells; [Figure 6A](#F6){ref-type="fig"}), 75% of *rga7*Δ (*n* = 8) and 94% of *rng10*Δ cells (*n* = 16) had abnormal septa ([Figure 6, B and C](#F6){ref-type="fig"}). In *rga7*Δ cells, the complete septum contained a big bulge in the middle with dark materials trapped inside ([Figure 6B](#F6){ref-type="fig"}), similar to a previous study ([@B45]). In *rng10*Δ cells, the septum had a heterogeneous thickness ([Figure 6C](#F6){ref-type="fig"}), and some also had a bulge in the center with dark materials trapped inside ([Figure 6C](#F6){ref-type="fig"}, right). Thus the septum is defective in both *rga7*Δ and *rng10*Δ cells.

![*rng10*Δ and *rga7*Δ lead to abnormal septum formation but not secretory vesicle accumulation. (A--C) EM images of wt (A), *rga7*Δ (B), and *rng10*Δ cells (C) grown at 36°C for 4 h. Top: whole cell; bottom, the division site. Arrows mark secretory vesicles. Bars, 0.5 μm.](2528fig6){#F6}

If the abnormal septum was caused by defects in vesicle trafficking, which delivers cell-wall synthases to the plasma membrane, we would expect to see vesicle accumulation near the division site ([@B74]). However, localization of secretory vesicles labeled with the vesicle soluble *N*-ethylmaleimide--sensitive factor attachment protein receptor v-SNARE Syb1 was not obviously affected in *rga7*Δ or *rng10*Δ cells (Supplemental Figure S5B). Compared to the massive accumulation of secretory vesicles near the septum in the exocyst mutant *sec8-1* under EM (Supplemental Figure S5C; [@B74], [@B75]), the number of secretory vesicles in *rga7*Δ and *rng10*Δ cells was comparable to that in wt ([Figure 6, A--C](#F6){ref-type="fig"}). This suggests that the septum defects and cell lysis in *rga7*Δ and *rng10*Δ cells are not due to defective vesicle trafficking. Collectively our data indicate that Rng10 and Rga7 contribute to septum formation by regulating the localization and dynamics of glucan synthases on the plasma membrane.

DISCUSSION
==========

In this study, we characterized a novel coiled-coil protein, Rng10, that localizes the Rho-GAP Rga7 to the cell tips and the division site. Rng10 and Rga7 work together to regulate the localization and dynamics of glucan synthases for successful septum formation in fission yeast cytokinesis.

Rng10 is important for the Rho-GAP Rga7 localization
----------------------------------------------------

Previous studies found that Rga7 localization depends on its F-BAR domain, which is a typical and highly conserved domain for binding to the plasma membrane ([@B45]; [@B2]). Here we identified a novel protein, Rng10, that is responsible for localizing Rga7 to the plasma membrane at the cell tips and division site. Our data show that Rng10 physically interacts with Rga7 ([Figure 4, A and B](#F4){ref-type="fig"}). Rga7 accumulation to cell tips is abolished, and ∼90% of Rga7 is lost from the division site during cell division without Rng10, although the global Rga7 level is not affected ([Figure 4, G and H](#F4){ref-type="fig"}). Thus Rga7 localization to the plasma membrane requires the assistance of Rng10 besides its F-BAR domain. It is unknown whether Rng10 directly binds to Rga7. In vitro binding assays using purified proteins/domains will be of great interest in future studies.

Rng10 may help Rga7 localize to the plasma membrane through three mechanisms. First, Rng10 might alter lipid composition upon binding to the plasma membrane, and then Rga7 would bind to locally enriched phospholipids through its F-BAR domain. Second, Rng10 might induce membrane curvature itself or with Rga7 through a crowding effect ([@B68]; [@B60]) that facilitates Rga7 binding. Third, Rng10 functions as an adaptor/stabilizer between the plasma membrane and Rga7, although Rga7 can still bind to the membrane directly. Future experiments are needed to distinguish these possibilities.

Although *rng10*Δ resulted in the loss of 90% Rga7 from the division site, a small percentage of cells still had a concentrated Rga7 dot in the center, indicating that a minor localization pathway for Rga7 exists in addition to Rng10 ([Figure 4G](#F4){ref-type="fig"}). F-BAR protein Imp2 interacts with C2-domain protein Fic1, paxillin Pxl1, and Rga7 ([@B45]). Because Rga7 is known to interact with Fic1 and Pxl1 as well, they are suggested to form part of a complex to regulate proper ring anchoring, integrity, contraction, and disassembly ([@B45]). Thus proteins in this complex may play a role in regulating Rga7 localization independent of Rng10. Further investigation is needed to shed light on the alternative localization pathway for Rga7.

Regulation of Rga7 localization by Rng10 provides insights into Rho-GAP cellular localization
---------------------------------------------------------------------------------------------

The Rng10 and Rga7 interaction provides insights into the localization of other Rho GAPs. We have limited understanding of Rho-GAP localization at the plasma membrane. Several mechanisms have been proposed to explain the regulation of their localization, including phosphorylation, secretory trafficking, lipid binding, and interaction with other proteins ([@B41]; [@B84]; [@B51]; [@B58]). In both fission and budding yeast, it has been shown that Rho GEFs interact with other adaptor proteins for their localization ([@B26]; [@B34]; [@B86]; [@B23]). In *S. pombe*, Rho1 GEF Rgf3 and the arrestin Art1 interact and are interdependent for localization to the division site ([@B23]). Another putative Rho-GEF, Gef2, interacts with the adaptor protein Nod1 through their C-termini, and they are interdependent for localization to cortical nodes ([@B86]). In *Saccharomyces cerevisiae*, the GEF Cdc24 is regulated by the adaptor protein Bem1 for cell polarization ([@B66]). These and other data on Rho GEFs and our findings on Rng10 and Rga7 suggest that Rho GAPs may also depend on their adaptors or binding partners for localization. Consistently, mammalian ArhGAP29 localization to the plasma membrane depends on interaction with the PDZ domain of Radil, and together they regulate the endothelial barrier ([@B58]). Mammalian p190RhoGAP recruitment to the cell periphery requires interaction with the C-terminal domain of p120-catenin, which helps to stabilize cell--cell transmembrane cadherin complexes and regulate actin dynamics ([@B84]). Thus adaptor proteins could provide another layer of regulation to the specificity of Rho signaling.

Rga7 and Rng10 function in late stages of cytokinesis
-----------------------------------------------------

Similar to previous studies ([@B45]; [@B2]), we also observed roles of Rga7 in contractile-ring constriction, septum formation, and maintenance of cell integrity (Supplemental Figure S1 and [Figure 6](#F6){ref-type="fig"}). In *rga*7Δ cells, some ring signals even persist until daughter cell separation (Figure S1C). Completed septa in *rga7*Δ cells have uneven thickness, with a bulged structure near the center of the division plane in our and a previous study ([Figure 6](#F6){ref-type="fig"}; [@B45]). Because glucan synthases are required for septum formation, previous studies also examined glucan synthases in *rga7*^+^ and *rga7*Δ cells ([@B45]; [@B2]). We confirmed that Bgs1 forms a bulge in *rga7*Δ cells ([Figure 5D](#F5){ref-type="fig"}; [@B45]). However, our data suggest an increase in Bgs1 protein level at the division site ([Figure 5E](#F5){ref-type="fig"}), in contrast to a slightly lower peak value in *rga7*Δ cells ([@B2]). This difference may be due to the imaging conditions (still images vs. time-lapse movies). However, both studies find that Bgs4 level at the division site is lower than in wt. We are the first to examine Ags1 level and dynamics in *rga7*Δ cells, even though previous studies looked at the function of Rga7 in Rho2 regulation ([@B72]; [@B67]; [@B45]). Consistent with its critical role in Rga7 localization, we find that Rng10 has very similar functions to Rga7 in contractile-ring constriction and septum formation.

Future studies are needed to reveal exactly how Rga7 and Rng10 regulate the dynamics and localization of glucan synthases. Rga7 is a Rho2 GAP, which regulates Ags1 activity ([@B72]; [@B12]; [@B67]), although it is unknown why increased Rho2 activation in *rga7*Δ cells leads to low Ags1 level at the division site. One possible explanation could be due to a decrease in total Rho2 level in *rga7*Δ cells ([@B72]), which leads to reduced active Rho2 and lower Ags1 levels. It is also unknown how Rga7 and Rng10 regulate Bgs1 and Bgs4 levels and dynamics. Because Rho1 overexpression can rescue both *rga7*Δ and *rng10*Δ cells and both deletions have synthetic interactions with mutations in *rho1* and *rho1* regulators ([Table 2](#T2){ref-type="table"}; [@B14]), Rga7 and Rng10 may regulate Bgs1 and Bgs4 through Rho1 GTPase and its GEFs and GAPs. Moreover, Rga7 is in a protein complex with F-BAR proteins Cdc15 and Imp2, C2 protein Fic1, and paxillin Pxl1 ([@B45]), and they may work together to regulate the dynamics and localization of glucan synthases. Taken together, our data are consistent with previous studies on Rga7 function in regulating glucan synthases during septum formation and coordinating the late stages of cytokinesis.

Rng10 and Rga7 have independent functions
-----------------------------------------

We find that Rng10 and Rga7 function together in regulating localization and dynamics of glucan synthases and thus septum formation and cell integrity during cytokinesis. However, several lines of evidence suggest that Rng10 and Rga7 have functions independent of each other. First, *rng10*Δ and *rga7*Δ are synthetic lethal (Supplemental Figure S4F and [Table 2](#T2){ref-type="table"}), indicating that they are not in a single linear pathway. Second, the completed septa in *rng10*Δ cells more frequently have uneven thickness compared with the big bulge in the majority of *rga7*Δ cells, suggesting that the defects are not caused by the exact same mechanisms or that the residual Rga7 in *rng10*Δ cells makes the difference ([Figure 6, B and C](#F6){ref-type="fig"}). Third, *rng10*Δ causes more cell lysis than *rga7*Δ, and the two deletions are rescued to different degrees by Rho1 overexpression ([Figures 1B](#F1){ref-type="fig"} and [4E](#F4){ref-type="fig"} and Supplemental Figure S5A), suggesting that Rng10 may affect another pathway besides the Rga7 and Rho2 pathway in septum regulation. We found that *rng10*Δ is synthetic lethal with *rga8*Δ ([Table 2](#T2){ref-type="table"}). Even though Rga8 still localizes to the division site, Rga8 is more diffused and less concentrated in *rng10*Δ cells (Supplemental Figure S4D). Thus Rng10 may play a role in the Rga8 and Rho1 pathway. Fourth, *rng10*Δ and *rga7*Δ have some different genetic interactions with other mutations ([Table 2](#T2){ref-type="table"}). Fifth, Rng10 has two domains for localization at its N- and C-termini ([Figure 3C](#F3){ref-type="fig"}). It is likely that Rng10 binds to different partners through these domains and the partner other than Rga7 also functions at the division site. Sixth, *rga7*Δ causes a significant delay in contractile‑ring constriction and disassembly, whereas *rng10*Δ does not affect the contractile ring at 25°C (Supplemental Figure S1D). This defect is similar to *fic1*Δ, which causes the persistence of proteins at the division site after cytokinesis and leads to polarity defects in the next cell cycle ([@B9]). Rga7 also interacts with Fic1 in coIP ([@B45]). Thus Rga7 may function in a similar way as Fic1 to regulate polarized growth after cytokinesis. Taking the results together, we conclude that Rng10 and Rga7 also have independent functions during cell division and polarized growth, which will be further investigated in the future.

In summary, we characterized a novel coiled-coil protein, Rng10, and identified its binding partner, the Rho-GAP Rga7. Rga7 localization depends on Rng10, and they work together to regulate conserved glucan synthases for successful septum formation and cell integrity during cell division. It will be interesting to elucidate how Rng10 interacts with Rga7. Our findings also provide insight into the regulation of localization and function of other Rho GAPs.

MATERIALS AND METHODS
=====================

Strains and genetic, molecular, and cellular methods
----------------------------------------------------

Strains used in this study are shown in Supplemental Table S1. PCR-based gene targeting and standard genetics were used to construct the strains ([@B50]; [@B4]). All tagged and truncated genes are expressed under their endogenous promoters and integrated at their native chromosomal loci. The exceptions are tagged glucan synthases Bgs1, Bgs4, and Ags1, which are regulated by the endogenous promoters but integrated at the *leu1* loci with the endogenous copies deleted ([@B18], [@B21]). For the rescue of the lysis phenotype of *rng10*Δ or *rga7*Δ by Rho1 overexpression, the cells were transformed with pUR19-Rho1 or the control pUR19 empty vector plasmid. Transformed cells were grown in Edinburgh minimal medium plus five supplements (EMM5S)-uracil at 25°C for 36 h and then transferred to yeast extract with five supplements (YE5S) medium at 36°C for 4 h before observation and imaging.

The N-terminal tagging and truncations of *rng10* were made by first cloning the native promoter of *rng10* (−510 to +6) into pFA6a-kanMX6-P3nmt1-mECitrine vector to replace the *3nmt1* promoter with *Bgl*II and *Pac*I. The resulting plasmid, pFA6a-kanMX6-Prng10-mECitrine (JQW908), was then used as the template for amplifying Rng10 fragments flanked with homologous sequences. These fragments were transformed into wt strains as described previously ([@B4]). Positive transformants were confirmed by PCR and sequencing. Then the *kanMX6* marker at the 5′ end of *rng10* or its truncations was looped out by crossing *h^+^* and *h^−^* strains.

The functionalities of the tagged FL proteins (Rng10, Rga7, Rga2, Rga8, Rlc1, and Spn1) were tested by growing the strains at 25--36°C on YE5S medium or crossing to mutants. mECitrine-, mEGFP-, and tdTomato-tagged *rng10* and *rga7* strains were crossed to *rga7*Δ or *rng10*Δ, respectively. mECitrine-tagged Rga2 and Rga8 strains were crossed to *rng10*Δ. The growth and morphology of the strains expressing the fusion proteins under different temperatures were similar to those of wt, and the double mutants from crosses were not different from single-deletion mutants, indicating that the tagged proteins were functional.

Cells were grown in an exponential phase in YE5S liquid medium at 25°C for 36--48 h before fluorescence microscopy. To quantify *rng10*Δ cell lysis at 36°C or the synthetic interactions between mutations, cells were first grown at 25°C for ∼44 h and then transferred to 36°C for 4 h. Drug treatments were performed at room temperature and imaging done on bare slides to maintain the drug concentration as before ([@B76]; [@B23]). Briefly, to test whether Rng10 localization depended on F-actin or microtubule, cells were treated with latrunculin A at a final concentration of 100 μM in dimethyl sulfoxide (DMSO) for 30 min or MBC at a final concentration of 25 μg/ml in DMSO for 10 min. The Arp2/3 complex inhibitor CK-666 (ChemDiv, San Diego, CA; [@B54]) was used at a final concentration of 100 μM in DMSO for 10 min. BFA was used at a final concentration of 50 μg/ml from a stock solution of 5 mg/ml in ethanol for 10 min. For observing and quantifying polarized growth, cells were stained with a final concentration of 10 μl/ml Calcofluor in the dark for 2 min before imaging.

Confocal and superresolution microscopy
---------------------------------------

Confocal microscopy was done as previously described ([@B23]; [@B77]). Briefly, cells were collected from liquid culture by centrifuging at 3000 rpm for 30 s and then washed with EMM5S twice to reduce autofluorescence. A final concentration of 50 nM *n*-propyl-gallate (*n-*PG) from a 10× stock in EMM5S was added during the second wash to protect cells from free radicals ([@B28]; [@B36]). For counting molecules, 100 μl of *n-*PG 10× stock in YE5S was added to ∼900 μl of cells in YE5S and centrifuged at 3000 rpm for 30 s before imaging without washing. Live cells were imaged on a thin layer of EMM5S with 20% gelatin (Sigma-Aldrich, St. Loius, MO) and 50 nM *n*-PG at 23--24°C except where noted. Imaging was done using two microscopy systems with 100×/1.4 numerical aperture (NA) Plan-Apo objective lenses (Nikon, Melville, NY). For fluorescence images and time-lapse movies, cells were imaged using a spinning-disk confocal system (UltraVIEW Vox CSUX1 system; PerkinElmer, Waltham, MA) with 440‑, 488-, 515-, and 561-nm solid-state lasers and a back-thinned electron-multiplying charge-coupled device (EMCCD) camera (C9100-13; Hamamatsu Photonics, Bridgewater, NJ) on a Nikon Ti-E microscope without binning. For the differential interference contrast (DIC) images used for quantification of cell lysis, septation index, and polarized growth using Calcofluor staining, cells were imaged using a Nikon Eclipse Ti inverted microscopy equipped with a Nikon DS-QI1 cooled digital camera.

For superresolution PALM, cells tagged with photoactivatable mEOS3.2 ([@B85]) or mMaple3 ([@B78]) were washed in the same way as for the confocal microscopy before being loaded into an imaging chamber made as follows. Two pieces of double-sided tape were placed ∼0.5 cm apart in the center of a cleaned slide, covering the whole width of the slide. A cleaned coverslip (22 × 22 mm) was then placed onto the center with two sides sealed by the tape. One unsealed end of the coverslip extended slightly out of the slide. The slide was inverted with the coverslip facing down. A small volume of 1 mg/ml polylysine was added to the extended side of the coverslip and run through the chamber by sucking the liquid through using Kimwipes on the opposite side. The polylysine slide was set for \>1 h. Live cells were run through the chamber in the same way and washed with 100 μl of EMM5S plus *n-*PG twice before imaging. The PALM system was based on inverted microscopy (IX71; Olympus, Tokyo, Japan) with a 100×/1.49 NA oil immersion total internal reflection fluorescence objective and an EMCCD camera (iXon Ultra 897; Andor Technologies, Belfast, United Kingdom) with EM gain of 255 and exposure time of 0.02 s. We used 405 and 488-nm diode lasers (Vortran Laser Technology, Sacramento, CA) and a 561-nm diode-pumped solid-state laser (CrystaLaser, Reno, NV). The 488-nm laser with the filter 525/30 nm was used to check fluorescence signal before photoactivation. The 561-nm laser with the filter 593/40 nm was used for imaging. One DIC image was taken every 1000 fluorescence images. These DIC images were used for lateral drift correction. Proteins were photoactivated by a 405-nm laser from low to high power, depending on the efficiency of fluorophore activation. Usually 4500--8000 images were taken for each field. Superresolution images were reconstructed using MempSTORM ([@B31]).

Image analysis and counting of protein molecules
------------------------------------------------

Images were analyzed using ImageJ (National Institutes of Health, Bethesda, MD) and Volocity (PerkinElmer). Fluorescence images in figures are maximum-intensity projections with *z*-sections spaced at 0.4 and 0.5 μm or at 0.05 μm for deconvoluted images, except where noted. Three-dimensional projections were generated from cells with 11 *z*-sections spaced at 0.6 μm. We used confocal microscopy to count protein molecules by quantifying fluorescence intensity ([@B17]; [@B24]). Cells within the central ∼75% of the imaging field were quantified to ensure almost even illumination. We summed the intensity from all 13 *z*-sections at 0.5-μm spacing imaged with exposure time of 300-ms per section. For global intensity quantification, the polygon region of interest (ROI) tool in ImageJ was used to draw the outline of the cell to include all signals. The wt cells without any fluorescent tag were used to subtract background. For quantification of division-site intensity, a rectangular ROI1 was drawn to include \>90% of ring or septum signal to measure the intensity. Another rectangular ROI approximately twice the size of ROI1 was measured to subtract cytoplasmic background ([@B23]; [@B77]). To obtain molecule numbers, the measured global and local (division site) intensities were normalized using the protein standard curve generated from mEGFP-tagged proteins with known molecule numbers ([@B80]) and imaged under the same conditions. The ratios of mEGFP- and mECitrine-tagged FL Rng10 and Rga7 were used to convert intensities from mECitrine into molecule numbers.

Data in figures are mean ± 1 SD except where noted. The *p* values in statistical analyses were calculated using two-tailed Student's *t* tests.

FRAP and FLIP analysis
----------------------

Both FRAP and FLIP were done using the photokinesis unit on the UltraVIEW Vox confocal system at 23--24°C. In the FRAP assay, the middle focal planes of cells were bleached to \<50% of the original fluorescence intensity. For the division site, we photobleached half of the division site in cells with either forming septa or complete septa. For cell tip, \>90% of a cell tip of an interphase cell was photobleached. Four prebleach images and 100 postbleach images were collected every second. For image analysis, we corrected for background and photobleaching during image acquisition using empty space among cells and unbleached cells in the same image. The prebleach intensity for the ROI was normalized to 100%, and the first postbleach intensity was normalized to 0%. Intensities of three consecutive postbleach time points were averaged to reduce noise. The intensity data were plotted and fitted using the exponential decay equation *y* = *m*~1~ + *m*~2~ exp(−*m*~3~*x*), where *m*~3~ is the off-rate (KaleidaGraph; Synergy Software, Reading, PA). The half-time for recovery was calculated from *t*~1/2~ = ln2/m~3~.

The FLIP assay was also imaged at the middle focal plane. Cells with constricting rings (Rlc1-tdTomato) at the final stage of constriction were chosen to be photobleached. A small ROI (0.19 μm^2^) was drawn in the daughter cell and bleached repeatedly. Two prebleach images and two postbleach images were collected for each bleach-imaging-diffusion cycle for 40 cycles at 30-s interval. To analyze the data, the mean intensities for the unbleached half-cell were measured using the ROI tool and the plugin Z-profiler in ImageJ. Images were corrected for background and photobleaching during image acquisition using cells from the same image that were not bleached. The end of the first photobleaching was defined as time 0. The end of ring constriction was defined when the pixel intensity of Rlc1 at the division site reached its peak. The end of membrane closure was defined as when the mEGFP exchange stopped between the two daughter cells. The time from the end of ring constriction to membrane closure was quantified and compared between wt and mutants.

Affinity purification, mass spectrometry, IP, and Western blotting
------------------------------------------------------------------

We performed S~tag~ protein purification to identify the Rng10 binding partner ([@B42]). We expressed S~tag~ control under the *41nmt1* promoter and expressed Rng10-S~tag~ under the *rng10* native promoter. Cells were grown in YE5S medium at 25°C for 48 h. Lyophilized cells were ground with a mortar and pestle to a homogeneous fine powder at room temperature. Then we mixed them with cold HK extraction buffer (25 mM Tris, pH 7.5, 1% NP-40, 300 mM NaCl, 5 mM EDTA, 15 mM ethylene glycol tetraacetic acid, 60 mM β-glycerophosphate, 500 μM Na~3~VO~4~, 10 mM NaF, 1 mM phenylmethylsulfonyl fluoride \[PMSF\], 1 mM dithio­threitol \[DTT\], and protease inhibitors \[Roche, Mannheim, Germany\]). Cell extract was then centrifuged twice at 4°C (21,000 rpm for 30 min and 21,000 rpm for 10 min). Protein concentration was measured using the Bradford assay. Then cell extract was incubated with S protein--conjugated agarose beads at 4°C for 2 h. The beads were collected by centrifugation (4000 rpm) and washed with an equal volume of HK extraction buffer, four times with an equal volume of washing buffer (5 mM Tris, pH 7.5, 300 mM NaCl, 5 mM EDTA, 500 μM Na~3~VO~4~, 10 mM NaF, 1 mM PMSF, and 1 mM DTT), and twice with 1 ml of washing buffer. The proteins were then eluted with sample buffer by boiling the beads. We then separated the protein samples in SDS--PAGE gel and detected them by silver staining using Pierce Silver Stain Kit (24612; Thermo Fisher Scientific, Waltham, MA). For mass spectrometry analysis, the protein sample was just run through the stacking SDS--PAGE gel ([@B42]). All protein bands were excised as one sample and send for mass spectrometry (Mass Spectrometry and Proteomics Facility, The Ohio State University, Columbus, OH).

IP assay and Western blotting were carried out as previously described ([@B36]; [@B40]; [@B76]). Briefly, lyophilized cells (∼30 mg) were broken into a homogeneous fine powder using toothpick in a 2-ml tube and mixed with IP buffer (1% NP-40 buffer \[50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid \[Hepes\], pH 7.5, 100 mM NaCl, 1 mM EDTA, 1% NP-40, 50 mM NaF, 20 mM glycerophosphate, and 0.1 mM Na~3~VO~4~\], 1 mM PMSF, and protease inhibitor \[Roche\]). Then mECitrine-tagged Rga7 was pulled down from *S. pombe* cell extract using protein G covalently coupled magnetic Dynabeads (100.04D; Invitrogen, Carlsbad, CA) with polyclonal anti-GFP antibodies (NB600-308; Novus Biologicals, Littleton, CO). Then the beads were washed five times with 1% NP-40 buffer and boiled in sample buffer to elute the proteins. The protein samples were then separated in SDS--PAGE gel and detected by Western blotting with monoclonal anti-GFP antibody (1:2000 dilution; 11814460001; Roche, Mannheim, Germany) or monoclonal anti-Myc antibody (1:5000 dilution; 9E10, Santa Cruz Biotechnology, Dallas, TX). Secondary antibody anti-mouse immunoglobulin G (A4416, Sigma-Aldrich) was then used at 1:5000 dilution. The blot was reacted with SuperSignal Maximum Sensitivity Substrate (Thermo Fisher Scientific) and exposed to film (BioMax MR; Kodak, Rochester, NY).

Electron microscopy
-------------------

EM was done at the Boulder Electron Microscopy Services at the University of Colorado, Boulder (Boulder, CO) as described previously ([@B39]). Briefly, cells were grown at 25°C for ∼48 h and then shifted to 36°C for 4 h before being harvested using Millipore filters. Samples were prepared using high-pressure freezing with a Wohlwend Compact 02 Freezer and freeze substitution in the presence of 2% osmium tetroxide and 0.1% uranyl acetate in acetone. Serial sections with a thickness of 70 nm were prepared from cells embedded in Epon-Araldite epoxy resin. Then the sections were poststained with uranyl acetate and lead citrate for observation under a Philips CM100 transmission electron microscope (FEI, Hillsboro, OR).
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